Techno-economic and environmental optimisation of the hydrogen production mix in Spain.
Introduction
The current European transport sector annually releases above 1 Gt CO 2 eq, which represents around 25% of the total greenhouse gas (GHG) emissions. Within this sector, road transport accounts for over 70% of the sectoral GHG emissions [1] , thus heavily contributing to climate change [2] . This is linked to the fact that road transport accounts for 74% of the total energy consumption by the European transportation fuel, which is electrochemically combined with oxygen from the air in the vehicle's fuel cell with the aim of producing electricity to power the motor [7] .
However, the penetration of FCEV in the current transport sector is still low. In 2017, the United States of America and Japan had a stock of several thousands of FCEV. They were distantly followed by Germany and France, with a stock of hundreds of FCEV [8] . In fact, many countries do not yet have a clear position on hydrogen for transport. In this sense, the development of comprehensive energy plans for the road transport sector is needed. Within this context, the use of energy systems modelling (ESM) to support energy planning is often recommended, providing a scientific basis for the prospective assessment of energy systems according to technical and economic conditions during a time frame [9] . Furthermore, ESM studies could be enhanced through the implementation of life-cycle sustainability indicators in the prospective assessment [10] . For instance, this type of implementation has been applied to case studies of power generation in Norway [11] and Spain [12] .
Since Spain arises as an illustrative country without a well-defined hydrogen strategy, this article aims to develop and apply a national energy systems model focused on hydrogen production in Spain to satisfy its demand for road transport under a number of hypothetical scenarios. The case study of the Spanish road transport sector is especially relevant because the outcomes of the study could be extended to many other countries with a still underdeveloped hydrogen economy. The Spanish stock of FCEV is almost negligible. In 2016, there were only 11 FCEV in Spain (3 cars and 8 vehicles classified as 'other'), all of them linked to demonstration projects [13] . Moreover, there is a lack of prospective studies and roadmaps on FCEV penetration in Spain and the evolution of the national hydrogen production mix. In this regard, national plans such as the National Action Framework for Alternative Energy in Transport just include a rough environmental comparison between FCEV and fossil fuel-based vehicles, the current status of FCEV in Spain, and some information about hydrogen refuelling stations [13] . Regarding the draft National Energy and Climate Plan 2021-2030, even though there is no specific plan for FCEV penetration in Spain, the goal of 14% renewable energy for transport in 2030 and the purpose of abating direct pollutant emissions from fuel use make hydrogen a key alternative fuel that could effectively contribute to achieving these targets [14] .
Hence, this work addresses a prospective techno-economic and environmental assessment of the hydrogen production mix that could satisfy the hydrogen demand for road transport under alternative scenarios on the penetration of FCEV in Spain. After this introduction to the need for sound prospective studies on hydrogen energy, Section 2 focuses on the methodological framework followed, explaining the specific energy model concept, the definition of hydrogen production technologies, and their implementation in a national energy systems model enriched with harmonised carbon footprint indicators. Before concluding, Section 3 presents and discusses the results of the prospective study, focusing on the evolution of the hydrogen production technology mix and the corresponding carbon footprint under alternative scenarios.
Materials and methods
The goal of this study is to develop a national energy systems model that supports the identification of the technologies that could satisfy the hydrogen demand for road transport in Spain in the time frame 2020-2050. To that end, the combined use of two well-known methodologies -ESM [15, 16] and Life Cycle Assessment (LCA) [17] -has recently been recommended when it comes to prospectively evaluating the techno-economic and environmental performance of energy systems [10] . In this study, a national energy systems model focused on hydrogen production was built using LEAP-OSeMOSYS [18] . This choice was motivated by the availability of a recent LEAP-OSeMOSYS model for power generation in Spain [10] . As achieved in the Spanish power generation model [10] , the endogenous integration of the carbon footprint of the production technologies involved in the new model was also pursued. It should be acknowledged that the stages after hydrogen production (e.g., hydrogen transport, storage, distribution and use) were not considered within the scope of the study. Future studies could include them in the analysis, which would probably require the separate or integrated use of other tools, e.g. for modelling and selecting specific features dependent on time and location (centralised/distributed hydrogen production, location of refuelling stations, etc.).
2.1.
Modelling hydrogen production for road transport
Modelling road transport
Several authors have used ESM with a focus on the transport sector. For instance, Nieves et al. [19] analysed the long-term energy demand and GHG emissions associated with the transport sector in Colombia. Similarly, Zhang et al. [20] analysed the long-term demand, energy consumption and CO 2 emissions of the transport sector in China and USA. Travesset-Baro et al. [21] developed a prospective model to study the car fleet energy consumption in Andorra until 2050. Rocco et al. [22] illustrated the assessment of the life-cycle consequences of future technological scenarios through a case study of the German road transport sector in 2050. Hong et al. [23] examined the effectiveness of the policies and targets set by the South Korean government in the transport sector. García-Olivares et al. [24] provided a review of current conditions and issues to attain a fully decarbonised state of the global transport system. Yeh et al. [25] compared frameworks and scenario projections from global transportation models, focusing on the fuel used, GHG emissions, and technology and fuel mixes under different scenarios.
In this article, the evolution of the Spanish hydrogen production mix for road transport was explored through a specific energy systems model conceived within a broader representation of the national road transport system. Such a general road transport model has several interconnected elements, as shown in Fig. 1 . A key part of the general model proposed in Fig. 1 refers to the identification of, not only the different types of fuel currently used, but also those with future potential to be used (e.g., hydrogen). The demand in energy terms of these fuels is generally determined by the technical characterisation of the end-use technologies, i.e. the types of vehicle considered. In this regard, the demand for transport services is typically affected by socio-economic drivers and expressed per person-km for passenger transport (cars, buses, and motorcycles) and per tonne-km for freight transport (trucks and vans). Once the fuel demand is implemented, the focus is generally placed on the different production technologies involved and the energy resources that they employ. Hence, a good coverage of the technology options relevant to each fuel is essential. This work focuses on hydrogen as the transport fuel.
Modelling hydrogen production
The use of hydrogen for FCEV could contribute to decarbonising the road transport sector. FCEV have zero direct CO 2 emissions at the use phase, just releasing water from the tailpipe. In fact, from a life-cycle environmental perspective, the focus should be placed on the stages before hydrogen use, e.g. hydrogen production and vehicle infrastructure [26] . According to the goal and scope of the study, the focus of this work was placed on hydrogen production. As shown in Fig. 2 , hydrogen can be produced from diverse feedstock and energy sources through different technologies. Fossil-based options such as the steam reforming of natural gas (steam methane reforming, SMR) and coal gasification are mature technologies, but the implementation of CO 2 capture systems would be required to make them low-carbon options. Alternatively, hydrogen could be produced from renewable sources, e.g. through wind power water electrolysis, steam reforming of biofuels, and biomass gasification.
The hydrogen production technologies considered in this ESM study are those shown in Fig. 2 . During the steam reforming of natural gas or renewable feedstock, steam and hydrocarbons are heated up to 800-1000°C to produce syngas [27] . Afterwards, the syngas stream undergoes a water gas shift process to increase the hydrogen content [28] . In a subsequent step, hydrogen is separated and purified, e.g. through a pressure swing adsorption unit [29] . Coal or biomass gasification are also thermochemical processes [30] in which the feedstock is processed at high temperature in a gasification medium such as air, oxygen and/or steam to produce syngas [31] , which is subsequently processed to hydrogen as mentioned above [32] . Finally, water electrolysis involves a process in which electricity is converted into chemical energy in the form of hydrogen [33] , with oxygen as a by-product [34] . The renewability of this technology option is determined by the electricity used as the energy source. In this sense, when using grid electricity, the country-specific electricity production mix becomes a Z. Navas-Anguita, et al.
Applied Energy xxx (xxxx) xxxx crucial aspect. There is growing interest in the possibility of using the electricity surplus from renewable power generation facilities such as wind farms and photovoltaic or hydropower plants to produce hydrogen through water electrolysis. For instance, in Spain the renewable electricity surplus means around 2% of the renewable power [35] . The implementation of the hydrogen production technologies in the specific energy systems model requires the quantification of economic data (e.g., investment costs), process efficiencies, and carbon footprints (Section 2.3). The optimisation procedure finds the economically optimal combination of technologies that could satisfy the hydrogen needs under a set of constraints. The hydrogen produced must supply the hydrogen demanded in the time frame. Hence, as detailed in Section 2.2, exploring the national hydrogen demand according to reasonable criteria is of paramount importance.
Definition of scenarios
Hydrogen production technologies would satisfy a given demand of fuel to be used in FCEV. Such a demand projection was exogenously implemented in the model. Since hydrogen demand is generally uncertain, the scenarios considered in this study were defined on the basis of alternative hydrogen demands. Reference features of several vehicle categories were considered in order to calculate the hydrogen demand caused by FCEV [36] [37] [38] [39] . In this regard, Table 1 presents the share, energy consumption and average annual mileage associated with each FCEV category considered. These values were assumed to remain constant during the time frame under evaluation.
In order to estimate the FCEV demand for Spain, national targets for countries with FCEV penetration plans were taken into consideration ( Table 2 ). These national FCEV stock targets were translated into percentage of FCEV within the national fleet of each country (according to [40] for European countries, [41] for the USA, and [42] for Japan), defining the target area shown in Fig. 3 . Considering the currently underdeveloped hydrogen economy in Spain, three alternative scenarios of FCEV penetration in Spain were defined (also shown in Fig. 3 ): LOW, MEDIUM, and HIGH, which correspond to a FCEV penetration of 10%, 15% and 20% of the Spanish fleet by 2050, respectively.
FCEV penetration in Spain would imply the hydrogen demand in 2050 presented in Table 3 for each scenario. Since the use of hydrogen as a transportation fuel aims to decarbonise the transport system, production technologies should also be evaluated from an environmental point of view [43] . In this sense, the integration of carbon footprints into the prospective assessment paves the way towards sound decisionmaking processes based on evolved techno-economic and environmental indicators [10] . Moreover, in order to further explore the critical role of the life-cycle global warming performance of hydrogen, the scenario MEDIUM (taken herein as the most representative one) was divided into three sub-scenarios addressing different carbon footprint restrictions: MEDIUM_0 (no carbon footprint restriction, i.e. evolved technology production mix based only on techno-economic criteria), MEDIUM_60 (environmental constraint of ≥60% carbon footprint saving with respect to the scenario MEDIUM_0 in 2050), and MEDIUM_80 (≥80% carbon footprint saving with respect to MEDIUM_0 in 2050). These carbon footprint restrictions are in the range of the targets set for energy products in international directives [44] and other studies [45] .
Techno-economic and environmental data of hydrogen production pathways
As shown in Fig. 2 , hydrogen can be produced through several pathways. A massive implementation of FCEV will imply changes in the development of hydrogen production technologies according to technoeconomic and environmental features which must be implemented in the model. In particular, Tables 4 and 5 present the investment cost and the process efficiency of the hydrogen production technologies involved in the study, respectively.
Regarding the implementation of water electrolysis in the model, further considerations are needed due to the critical link created between the power generation sector and the fuel production sector. In this sense, when using grid electricity as the energy source of the electrochemical process, the evolution of the national electricity production mix should be considered. In this regard, Table 6 presents the evolution of the Spanish electricity production mix implemented in the model, which was computed using the national power generation model developed by García-Gusano et al. [10] . It should be noted that the use of this power generation model allows a consistent implementation of the hydrogen-electricity link due to the fact that the road transport model was built under the same modelling structure (e.g., in terms of the techno-economic parameters selected) and with common assumptions when needed (e.g., biomass availability). Table 6 shows that above 90% of the national electricity production mix would be based on renewable sources by 2050, which suggests that electricity storage will play a role in fulfilling the whole demand.
Finally, another singularity of the study is the endogenous integration of the carbon footprint of the hydrogen production technologies into the energy systems model. In this regard, the harmonised carbon footprints of hydrogen produced through the technologies included in the model were directly retrieved from Navas-Anguita et al. [46] . It should be noted that the use of harmonised carbon footprints of hydrogen allows robust comparative life-cycle studies and is recommended when addressing alternative hydrogen production technologies [47] . Concerning the carbon footprint of hydrogen produced through grid electrolysis, the evolved carbon footprint of the electricity production mix was considered: 0.050 kg CO 2 eq·MJ H2 −1 in 2020, 0.036 kg CO 2 eq·MJ H2 −1 in 2030, 0.015 kg CO 2 eq·MJ H2 −1 in 2040, and 0.014 kg CO 2 eq·MJ H2 −1 in 2050.
Results and discussion
This section focuses on the application of the model detailed in Section 2, showing the key results obtained and thus proving its usefulness to enhance decision-making processes in the field of hydrogen energy. Two main outcomes are reported in this section: the evolution of the hydrogen production mix (Section 3.1), and the corresponding prospective carbon footprint (Section 3.2). Fig. 4 shows the hydrogen energy demand from 2020 to 2050 under the scenarios LOW, MEDIUM, and HIGH. The demand in the final year varies from 193 PJ (LOW) to 386 PJ (HIGH). Without any environmental restriction (i.e., scenarios LOW, MEDIUM_0, and HIGH), all hydrogen demand would be completely satisfied through conventional, fossil-based SMR as the techno-economically optimal solution. However, the international perspective refers to the establishment of a hydrogen economy based on clean hydrogen. Hence, relying on SMR (natural gas feedstock) as the main source of hydrogen would not be an actual solution in the medium and long term. Taking into account this situation, this section focuses the analysis of the evolution of the hydrogen production mix on the scenarios MEDIUM_60 and MEDIUM_80, i.e. on the scenarios with a carbon footprint constraint in 2050.
The implementation of a carbon footprint limit gives novelty to the assessment, moving from purely techno-economic optimisation to techno-economic and environmental optimisation. In the combined field of ESM and LCA [16] , most of the studies available in the literature focus on the evolution of life-cycle indicators according to the technoeconomically optimal evolution of a production mix [48] , whereas few studies actually use life-cycle indicators within the optimisation problem (an example of this type of study can be found in [49] for the implementation of a life cycle-based energy security index in the optimisation problem). As shown in Figs. 5 and 6, when compared to the mid-demand scenario dominated by SMR (MEDIUM_0), the optimisation of the hydrogen production mix with carbon footprint restrictions (scenarios MEDIUM_60 and MEDIUM_80) significantly affects the results in terms of the evolution of such a mix. Regarding the scenario MEDIUM_60 (≥60% carbon footprint saving in 2050 with respect to MEDIUM_0), SMR and electrolysis were identified as the main technologies that satisfy the hydrogen demand ( Fig. 5) : the former in the short-to-medium term (i.e., until 2035), and the latter in the medium-to-long term (i.e., from 2035 to 2050). From the year 2034, the contribution of SMR to the hydrogen production mix rapidly falls, completely disappearing before the time horizon. This extinction of hydrogen from conventional SMR is due to its high carbon footprint according to the limit implemented in the model. In contrast, grid electrolysis emerges as the main hydrogen production technology in the medium-to-long term. This finding is closely linked to the high share of renewable electricity expected in the national grid (> 90% in 2050), which leads to relatively low carbon footprints of hydrogen from grid electrolysis (Section 2.3).
The major role played by SMR and electrolysis is in agreement with international studies such as the International Energy Agency roadmap [5] . In this regard, it should be noted that key strengths of this article in comparison with other prospective studies such as [5] lie in the traceability of the model and the endogenous integration of a life-cycle indicator (carbon footprint).
Table 6
Evolution of the electricity production mix in Spain (GWh).
Electricity production technology
Year 2020
Year 2025
Year 2030
Year 2035
Year 2040
Year 2045 Fig. 4 . Evolution of the hydrogen energy demand in the scenarios LOW, MEDIUM, and HIGH.
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In the period 2034-2050, a relatively stable contribution of renewable electrolysis to the hydrogen production mix was also found, which corresponds to the assumed surplus of 2% of the annual renewable electricity produced in Spain (the carbon footprint of hydrogen from electrolysis using surplus renewable electricity was assumed to be zero). Finally, Fig. 5 shows that biomass gasification is Fig. 5 . Evolution of the hydrogen production mix in the scenario MEDIUM_60. Fig. 6 . Evolution of the hydrogen production mix in the scenario MEDIUM_80.
Applied Energy xxx (xxxx) xxxx slightly introduced as an additional hydrogen production technology in the final years (2048-2050) in order to fulfil the final carbon footprint target.
In this study, technologies provided with CO 2 capture did not arise as an effective option for hydrogen production due to their high economic values (Section 2.3). Other prospective studies such as the technology roadmap of the International Energy Agency [5] , the French national mobility plan [50] or the updates to parameters of hydrogen production pathways in GREET [51] did identify these variants as selected options for hydrogen production. However, the techno-economic definition and the assumptions behind the models used in these references are not readily available. In this respect, the traceability of the model proposed in this article is expected to benefit other analysts when it comes to developing alternative versions of the model or alternative scenarios according to the specific objectives of a different study.
Finally, Fig. 6 shows the evolution of the hydrogen production mix in the scenario MEDIUM_80 (≥80% carbon footprint saving in 2050 with respect to MEDIUM_0). When compared to the results found for SCENARIO_60, the contribution of the hydrogen production technologies in the long term (2040-2050) changes significantly due to the more restrictive carbon footprint limitation. Under very stringent carbon footprint limits (scenario MEDIUM_80), the total disappearance of SMR was found to be hastened (2040 as the final year with SMR contribution) and grid electrolysis was found to be partly substituted by biomass gasification in the long term. In this regard, despite the high renewability of the national electricity grid in the medium-to-long term, the achievement of the ambitious target of 80% carbon footprint reduction was found to be conditioned by a growing implementation of biomass gasification in the hydrogen production mix. This relevant role of biomass gasification -also considered in international studies such as [5] is closely linked to the very low harmonised carbon footprint of hydrogen produced through this technology [52] . Fig. 7 shows the evolution of the harmonised carbon footprint of the hydrogen production mix in the three mid-demand scenarios. The scenario MEDIUM_0, with no carbon footprint restriction, involves the most unfavourable evolution, accounting for the release of more than 25 Mt CO 2 eq in 2050. Nevertheless, the same carbon footprint evolution was found in the three scenarios for the period 2020-2032 since the whole hydrogen demand is satisfied through SMR in the three cases during this period. The scenarios MEDIUM_60 and MEDIUM_80 also show a similar carbon footprint evolution in the period 2033-2040, with a relatively stable annual release of ca. 7 Mt CO 2 eq. This similar performance is linked to the similar hydrogen production mix (SMR and electrolysis) in both scenarios until 2040 ( Figs. 5 and 6) , whereas a significant worse carbon footprint evolution was found for the scenario MEDIUM_0 as it is completely dominated by SMR during the whole time frame. Finally, in the period 2041-2050, a highly different carbon footprint evolution was found in the three scenarios, which is in line with the significantly different evolution of the hydrogen production mix. In this final period, the scenario MEDIUM_60 (dominated by electrolysis) starts with a 55% carbon footprint reduction with respect to the scenario MEDIUM_0 and reaches a 60% reduction in 2050, while the scenario MEDIUM_80 (dominated by both electrolysis and biomass gasification) starts with a 61% reduction and reaches an 83% reduction in 2050.
Prospective harmonised carbon footprint
A preliminary estimation of the carbon footprint savings associated with the replacement of conventional fuels with hydrogen was also performed in order to further support potential decision-and policymaking processes on the suitability of FCEV deployment in Spain. Thus, Fig. 8 shows the quantification of the net potential carbon footprint benefits associated with the use of hydrogen for FCEV instead of conventional fossil fuels in the Spanish road transport sector, following the same computation approach as in [48] . Both production [53] and combustion [54] of the avoided fossil fuels were taken into account. It was considered that 57% of the vehicles are fuelled by diesel and 43% Fig. 7 . Evolution of the carbon footprint of the hydrogen production mix in the mid-demand scenarios.
Applied Energy xxx (xxxx) xxxx by gasoline [55] , taking into account the different types of vehicles involved (cars, vans, trucks, and buses). The average emissions associated are 3.74 kg CO 2 eq per kg fossil fuel. On average, 1 kg H 2 in FCEV provides the same transport function as the production and combustion of 7 kg of fossil fuels [56] . As shown in Fig. 8 for the three mid-demand scenarios, net potential carbon footprint savings grow rapidly when promoting the replacement of diesel and gasoline vehicles with FCEV, reaching high savings in the three scenarios. Nevertheless, even though the scenario MEDIUM_0 involves net savings of ca. 35 Mt CO 2 eq in 2050, significantly higher savings (above 50 Mt CO 2 eq in 2050) could be achieved when implementing carbon footprint restrictions (scenarios MEDIUM_60 and MEDIUM_80). In these scenarios with carbon footprint restrictions, the net savings associated with FCEV penetration in Spain are especially high in the medium-to-long term, when a higher hydrogen demand is expected and mainly fulfilled by low-carbon technology options (electrolysis and biomass gasification). Key aspects behind this finding include the replacement of both passenger and freight vehicles and the high renewability of the prospective Spanish electricity production mix. In fact, the portfolio of vehicles substituted by FCEV potentially leads to a higher avoidance of GHG emissions than that associated with the penetration of hybrid and battery electric vehicles in Spain (ca. 20 Mt CO 2 eq in 2050) despite the lower number of vehicles involved [48] . This preliminary estimation suggests the suitability of FCEV penetration to decarbonise the transport system. Actually, as a rule of thumb, FCEV would remain suitable provided that the carbon footprint of the substituted fuels is above 1 kg CO 2 eq per kg of conventional fuel mix. This means a high margin for the suitability of FCEV since dramatic decreases in the kg CO 2 eq per kg of avoided fuel mix and/or in the kg of avoided fuel mix per kg of hydrogen are not expected (even considering a potential substitution of a fuel mix dominated by natural gas).
Final remarks
This is the first study addressing the prospective techno-economic and carbon footprint assessment of the hydrogen production mix within the Spanish road transport system. Despite the specific geographical scope of the study (Spain), the findings of this analysis could be extrapolated to other countries facing similar concerns (e.g., the lack of a national plan for the deployment of hydrogen energy systems, including FCEV). Moreover, beyond the findings of the analysis, the structure and data behind the model proposed (costs, efficiencies, carbon footprints, etc.) could be used by other analysts to develop similar models and explore further scenarios, even when addressing countries with a different situation.
On the other hand, it should be noted that -as in any ESM study-the study would benefit from the use of refined values that could be available in the future (e.g., in terms of current and projected costs and efficiencies of the different technologies), as well as from further disaggregation of the technology portfolio (e.g., further distinction between electrolysis technologies such as proton exchange membrane electrolysis [57] and solid oxide electrolysis [58] , among others [59] ). Nevertheless, in comparison with other prospective studies on FCEV with a life-cycle perspective [22] and -in general-other ESM studies on transport systems (focused on the transport energy demand [21] or the GHG emission reduction of the transport sector [23] ), the focus on hydrogen production and the varied technology portfolio are singular aspects of this novel study.
Overall, FCEV could be one of the solutions to effectively mitigate the impacts associated with the high fossil dependence of the transport sector in countries such as Spain. However, with the aim of thoroughly supporting energy planning and decision-making processes, further studies are needed that enlarge the scope of the analysis to include not only hydrogen production but also other stages such as storage, distribution, and use. Furthermore, future studies could consider the implementation of other assumptions, (life-cycle) indicators, and scenarios. 
Conclusions
Under merely techno-economic criteria, the hydrogen demand associated with the future penetration of FCEV in the Spanish road transport system would be completely satisfied through conventional steam reforming of natural gas due to the competitive prices of natural gas and the maturity of the technology. However, the international perspective on hydrogen energy systems refers to a hydrogen economy based on clean options. In this regard, in hydrogen energy scenarios with carbon footprint restrictions using harmonised life-cycle impacts, the role of conventional SMR would be limited to the short-to-medium term, facilitating the penetration of hydrogen as an alternative fuel in Spain. In the medium-to-long term, electrolysis would arise as a key technology to fulfil the hydrogen demand. Furthermore, under stringent carbon footprint restrictions, biomass gasification would also emerge as a key hydrogen production technology in the long term.
While the life-cycle GHG emissions of producing hydrogen only via SMR in Spain would exceed 25 Mt CO 2 eq in 2050 under a mid-demand scenario, the application of carbon footprint restrictions would lead to significantly lower emissions (below 11 Mt CO 2 eq in 2050 for the scenarios assessed). Furthermore, the functional replacement of conventional fossil fuels with hydrogen in the road transport sector was estimated to involve high net GHG emission savings, above 50 Mt CO 2 eq in 2050 for the scenarios with carbon footprint restrictions. Finally, beyond these findings, the model structure and characterisation developed herein for the prospective techno-economic and carbon footprint assessment of hydrogen energy scenarios is expected to be relevant not only to Spanish actors but also to analysts and decisionmakers in many other countries, contributing to the overall goal of sustainable energy systems, climate change mitigation, and environmental pollution reduction.
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